CO and HCN isotopologue ratios in the outflows of AGB stars by Saberi, M. et al.
Astronomy & Astrophysics manuscript no. aa37668 c©ESO 2020
May 14, 2020
CO and HCN isotopologue ratios in the outflows of AGB stars
M. Saberi1, 2, 3, H. Olofsson1, W. H. T. Vlemmings1, E. De Beck1, T. Khouri1, and S. Ramstedt4
1 Department of Space, Earth and Environment, Chalmers University of Technology, Onsala Space Observatory, 439 92 Onsala,
Sweden
e-mail: maryam.saberi@chalmers.se
2 Rosseland Centre for Solar Physics, University of Oslo, P.O. Box 1029 Blindern, NO-0315 Oslo, Norway
3 Institute of Theoretical Astrophysics, University of Oslo, P.O. Box 1029 Blindern, NO-0315 Oslo, Norway
4 Department of Physics and Astronomy, Division of Astronomy & Space Physics, Uppsala University, POBox 516, 751 20 Uppsala,
Sweden
ABSTRACT
Context. Isotopologue line intensity ratios of circumstellar molecules have been widely used to trace the photospheric elemental
isotopic ratios of evolved stars. However, depending on the molecular species and the physical conditions of the environment, the
isotopologue ratio in the circumstellar envelope (CSE) may deviate considerably from the stellar atmospheric value.
Aims. In this paper, we aim to examine how the 12CO/13CO and H12CN/H13CN abundance ratios vary radially due to chemical
reactions in the outflows of asymptotic giant branch (AGB) stars and the effect of excitation and optical depth on the resulting line
intensity ratios. We study both carbon-rich (C-type) and oxygen-rich (O-type) CSEs.
Methods. We performed chemical modeling to derive radial abundance distributions of our selected species in the CSEs over a wide
range of mass-loss rates (10−8 < M˙ < 10−4M yr−1). We used these as input in a non-local thermodynamic equilibrium (non-LTE)
radiative transfer code to derive the line intensities of several ground-state rotational transitions. We also test the influence of stellar
parameters, physical conditions in the outflows, the intensity of the interstellar radiation field, and the importance of considering the
chemical networks in our model results.
Results. We quantified deviations from the atmospheric value for typical outflows. We find that the circumstellar value of 12CO/13CO
can deviate from its atmospheric value by up to 25-94 % and 6-60 % for C- and O-type CSEs, respectively, in radial ranges that
depend on the mass-loss rate. We show that variations of the intensity of the interstellar radiation field and the gas kinetic temperature
can significantly influence the CO isotopologue abundance ratio in the outer CSEs of both C-type and O-type. On the contrary, the
H12CN/H13CN abundance ratio is stable throughout the CSEs for all tested mass-loss rates. The radiative transfer modeling shows
that the integrated line intensity ratio I12CO/I13CO of different rotational transitions varies significantly for stars with mass-loss rates
in the range from 10−7 to 10−6 M yr−1 due to combined chemical and excitation effects. In contrast, the excitation conditions for the
HCN isotopologues are the same for both isotopologues.
Conclusions. We demonstrate the importance of using the isotopologue abundance profiles from detailed chemical models as inputs
to radiative transfer models in the interpretation of isotopologue observations. Previous studies of circumstellar CO isotopologue
ratios are based on multi-transition data for individual sources and it is difficult to estimate the errors in the reported values due to
assumptions that are not entirely correct according to this study. If anything, previous studies may have overestimated the circumstellar
12CO/13CO abundance ratio. The use of the HCN molecule as a tracer of C isotope ratios is affected by fewer complicating problems,
but we note that the corrections for high optical depths are very large in the case of high-mass-loss-rate C-type CSEs; and in O-type
CSEs the H13CN lines may be too weak to detect.
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1. Introduction
In the late stages of their evolution, stars with initial masses
of 0.8–8 M evolve along the asymptotic giant branch (AGB),
where they lose up to 80 % of their mass due to strong stel-
lar winds (Höfner & Olofsson 2018). As a consequence, a large
circumstellar envelope (CSE) of dust and gas forms around the
AGB star. Observations of the molecular compositions of these
CSEs provide information on the CSE chemistry, on the recy-
cled material, and, consequently, on their stellar properties. For
instance, measuring the atomic isotopic ratio 12C/13C provides
information on the nucleosynthesis of the star, its phase of evo-
lution, and its properties. This is because the abundances of dif-
ferent C isotopes vary due to stellar nucleosynthesis and mixing
processes, and the effect of these processes, in turn, depends on
the stellar mass and the evolutionary phase (e.g., Karakas & Lat-
tanzio 2014).
Estimating the atomic isotope abundances in AGB stars from
observational data is challenging. One alternative possibility is
to use circumstellar isotopologue ratios. Considering the high
temperature in the stellar atmosphere, we expect the initial iso-
topologue abundance ratios of molecules containing the desired
atomic isotopes to directly trace the atomic isotopic ratios. How-
ever, in order to use the former as tracers of the latter, it is crucial
to consider all possible processes that can alter the molecular iso-
topologue ratios in the CSE.
The circumstellar 12CO/13CO ratio has been extensively used
to estimate the stellar 12C/13C ratio (e.g., Schöier & Olofsson
2000; Milam et al. 2009; Ramstedt & Olofsson 2014). However,
there are at least two known processes that can lead to a varying
CO isotopologue ratio through a CSE: isotopologue-selective
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photodissociation through lines by UV radiation and chemical
fractionation. The UV photodissociation rate of CO depends on
many factors such as the intensity of the local radiation field,
as well as CSE properties such as H2 density, CO isotopologue
column density, gas kinetic temperature, and the clumpiness of
the CSE (e.g., Saberi et al. 2019). Generally, since 12CO is more
abundant than 13CO, its shielding efficiency is higher than that
of the less abundant isotopologue. This leads to an increase in
the 12CO/13CO ratio. The CO fractionation reaction is given by
Watson et al. (1976),
13C+ +12 CO 
 12C+ +13 CO + ∆E, (1)
where ∆E corresponds to a temperature of 35 K. At high tem-
peratures, the forward and backward reaction rates are equal.
However, at low temperatures (Tkin < 100 K), the backward reac-
tion rate decreases, resulting in a one-way channel which favours
creation of 13CO from 12CO. Therefore, at low temperatures,
this can lead to a lower 12CO/13CO ratio. It has been argued
that these two processes, isotopologue-selective photodissocia-
tion and fractionation reaction, neutralize each other in the outer
CSE, leading to a constant 12CO/13CO ratio equal to the initial
value (e.g., Mamon et al. 1988; Ramstedt & Olofsson 2014).
However, there is considerable uncertainty concerning the rel-
ative efficiencies of these processes.
Also HCN, another abundant molecule in AGB CSEs, can
be used to trace the atomic C isotope ratio. In this case, there
are no known processes that can significantly selectively alter
the isotopologue abundances since this molecule is photodisso-
ciated in the continuum and chemical fractionation is not effi-
cient. Hence, the H12CN/H13CN ratio might be a more reliable
tracer of the 12C/13C ratio, provided one accounts correctly for
the optical thickness of the emission, which can be substantial in
carbon-rich CSEs formed by high mass-loss rates. In the case of
R Scl, Saberi et al. (2017) showed that the H12CN/H13CN ratio
is in fact in agreement with the photospheric 12C/13C ratio, while
the 12CO/13CO ratio varies by a factor of three through the CSE
(Vlemmings et al. 2013).
In this paper, we aim to investigate variations of the
12CO/13CO and H12CN/H13CN ratios in AGB CSEs of both C-
type (associated with carbon stars with C/O > 1) and O-type (as-
sociated with M-type stars with C/O < 1) over a wide range of
mass-loss rates. We perform a detailed chemical analysis and
derive the relevant abundance distributions for several different
initial conditions. The derived abundance distributions are used
as input in radiative transfer models to derive the line intensi-
ties of several rotational transitions of both CO and HCN. This
provides a good estimate of the reliability of the CO and HCN
isotopologue ratios as measures of the carbon isotopic ratio in
the CSEs of AGB stars.
2. Circumstellar chemistry
In order to model the circumstellar chemistry we used an ex-
tended version of the publicly available chemical code rate13-
cse1 for CSEs (McElroy et al. 2013). The code assumes a spher-
ically symmetric CSE formed by a constant mass-loss rate M˙. It
expands with a constant velocity Vexp. The H2 density falls off
as 1/r2 where r measures the distance from the central star. We
upgraded the chemical network of the code to include isotopic
chemistry, see Sect.2.1. We also upgraded the calculations of the
CO photodissociation rate as detailed in Saberi et al. (2019).
1 http://udfa.ajmarkwick.net/index.php?mode=downloads
2.1. Chemical network
We incorporate an extended version of the chemical network
from the UMIST Database for Astrochemistry which includes
the 13C and 18O isotopes, all corresponding molecular isotopo-
logues, their chemical reactions, and the properly scaled reaction
rate coefficients from Röllig & Ossenkopf (2013). The chemi-
cal network includes 933 species containing 351 neutral species,
572 cations and 10 anions. We consider 15108 gas-phase reac-
tions. The type of reactions, number of reactions, and reaction
rates are listed in Table 1. Detailed explanations of the reaction
types and calculations of the reaction rates can be found in McEl-
roy et al. (2013) and Röllig & Ossenkopf (2013).
The initial abundances of parent species are listed in Ta-
ble A.1, and the reasons for their choices are given in Ap-
pendix A. We assume the fractional abundance of 12CO/H2 to
be 8 × 10−4 and 5 × 10−4 for C-type and O-type CSEs, respec-
tively. This corresponds to almost complete formation of CO
assuming solar abundances of C and O; see Appendix A. The
H12CN/H2 values are taken from the observationally determined
median values of Schöier et al. (2013), 3 × 10−5 and 1 × 10−7
for samples of C-type and O-type CSEs, respectively. The initial
abundance of 13C-bearing molecules are scaled down from their
12C-bearing isotopologue by factors of 34 and 13 for C-type and
O-type CSEs, respectively. These are the median 12CO/13CO val-
ues for a sample of 19 C-type and 19 M-type AGB stars reported
by Ramstedt & Olofsson (2014).
2.2. CSE properties
We considered five reference models for each chemical type of
CSE with mass-loss rates of 10−8, 10−7, .., 10−4 M yr−1, and
a constant expansion velocity Vexp = 15 km s−1. Although it is
known that the wind is accelerating, we assumed a constant ve-
locity since an implementation of an accelerating wind in the
calculations of the depth-dependency of the CO photodissocia-
tion rate has not yet been performed. Wind acceleration affects
the density profile and shielding efficiency in the inner envelope.
This will affect the lowest density envelopes where the external
UV photons penetrate into the acceleration region. This remains
to be improved in future models. The Draine (1978) radiation
field is used to represent the interstellar radiation field.
We used the gas kinetic temperature profile given by Mamon
et al. (1988) for all models,
Tkin(r) = 14.6 (
r0
r
)β [K], (2)
where r0 = 9 × 1016 cm and β= 0.72 for r < r0 and β= 0.54 for
r > r0. We assumed a minimum temperature of 10 K in the outer
CSE which is also the minimum limit in the calculations of the
chemical reaction rates.
In the chemical models, the dust absorption is assumed to
be independent of the wavelength in the spectral region of inter-
est. We also assumed that the dust absorption dominates the dust
extinction. Therefore, we used the dust extinction at 1000 Å as
given by Morris & Jura (1983),
τdust(r, 1000Å) =
4.65 × 2 × NH2 (r)
1.87 × 1021 , (3)
where NH2 is the H2 column density to infinity in cm
−2.
We adopted a gas-to-dust mass ratio of 200, a grain radius
of 0.1 µm, and a dust grain density ρ= 3.5 g cm−3 for all mod-
els. Although the dust grain density in C-type CSEs is expected
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Table 1. Type, number, and reaction rates of all reactions in the chemical network of the CSE model.
Reaction type Num Reaction rate
Associative Detachment (AD) 136 k1 = α( T300 )
β exp(−γT ) (cm
3s−1)
Collisional Dissociation (CD) 44 k1
Charge Exchange (CE) 1536 k1
Dissociative Recombination (DR) 1273 k1
Ion-Neutral (IN) 8737 k1
Mutual Neutralisation (MN) 39 k1
Neutral-Neutral (NN) 1986 k1
Radiative Association (RA) 294 k1
Radiative Electron Attachment (REA) 8 k1
Radiative Recombination (RR) 28 k1
Cosmic-Ray Proton (CP) 16 k2 = α (s−1)
Cosmic-Ray Photon (CR) 443 k3 = α( T300 )
β γ
1−ω (s
−1)
Photo Process (PH) 568 k4 = α exp(−γAV) (s−1)
Notes. Reaction rates applicable to different reaction types follow the analytical prescriptions k1, k2, k3, k4. In all of these, T is the gas temperature;
the other parameters are defined as follows: k1: α is the pre-exponential factor, β indicates the temperature dependence of the rate coefficient
and γ is the activation energy of the reaction; k2: α is the cosmic-ray ionisation rate; k3: α is the cosmic-ray ionisation rate, γ is the probability
per cosmic-ray ionisation that the photo-reaction takes place and ω is the dust-grain albedo; k4: α is the photodissociation rate in the unshielded
region, AV is the extinction by the interstellar dust at visible wavelength and γ is a parameter to take into account the increased extinction at UV
wavelengths compared to the visible.
to be lower than the adopted value here, this assumption is not
expected to affect spatial extent of the CO and HCN abundance
distributions.
3. Results of the chemical models
3.1. CO isotopologues
In the first set of analyses, we investigated the 12CO and 13CO
abundance distributions and their corresponding 12CO/13CO ra-
tio in the reference models for the CSEs of C-type and O-type.
Since the results show that the abundance-radius relationships
are similar, albeit having scaled shapes, for C- and O-type CSEs,
we only present the results for the C-type CSEs here, in Fig. 1,
while those for the O-type CSEs are given in Fig. B.1. As shown,
the 13CO abundance generally starts to drop at smaller radii
and more gradually than that of 12CO for all models due to a
lower 13CO shielding efficiency. At higher mass-loss rates the
abundances of both isotopologues drop off more sharply due to
higher shielding efficiencies. Deviations of the abundance ratio
from the assumed initial value at the inner edge of the model oc-
cur at smaller radii with decreasing mass-loss rate. Table 2 lists
the radii at which the two CO isotopologue abundances drop to
half of their initial values and the radii where the 12CO/13CO
abundance ratios reach the maximum deviation from its initial
value of 34 for C-type CSEs. The molecular initial abundances
of two isotopologues and the competition between the photodis-
sociation efficiencies and the fractionation reaction determines
the magnitude of the deviation and the radius where it occures.
For stars with M˙ < 10−5 M yr−1, the CO isotopologue ratio
starts deviation at a smaller radius than where the 12CO abun-
dance drops from its initial value, meaning that photodissocia-
tion of 13CO mainly controls the 12CO/13CO ratio. In the outer
regions, as the temperature decreases, the fractionation reaction
favours creation of 13CO from 12CO resulting in the decrease of
the 12CO/13CO ratio for all models.
Table 2. Results of the chemical model for CO in C-type CSEs.
M˙ r1/2(12CO)a r1/2(13CO)a rbdevmax dev
c
max
(M yr−1) (cm) (cm) (cm)
10−8 7.6 × 1015 5.4 × 1015 4.5 × 1016 53%
10−7 1.8 × 1016 1.0 × 1016 2.0 × 1016 94%
10−6 6.1 × 1016 3.3 × 1016 5.0 × 1016 79%
10−5 2.1 × 1017 1.7 × 1017 2.8 × 1017 35%
10−4 8.6 × 1017 8.1 × 1017 1.1 × 1018 25%
Notes. (a) Radius at which the CO isotopologue abundances have
reached half of their initial values; (b) The radius at which the
12CO/13CO abundance ratio has its maximum deviation from its initial
value; (c) The maximum deviation of the 12CO/13CO abundance ratio
from its initial value.
3.1.1. The impact of the ISRF intensity on the CO
isotopologue ratio
In photochemical models of CSEs, the standard Draine (1978)
radiation field is usually assumed to penetrate the CSE. This
radiation field is based on measurements in the solar vicinity.
Therefore, it may not be a good representative of the radiation
field that influences the CSE chemistry of AGB stars which are
located, for instance, in globular clusters, above the Galactic
plane, or in the vicinity of star-forming clusters (e.g., McDon-
ald & Zijlstra 2015). Saberi et al. (2019) showed that variations
of the interstellar radiation field (ISRF) intensity have a consid-
erable impact on the CO photodissociation rate. In order to esti-
mate how much the ISRF intensity affects the CO isotopologue
ratio in CSEs of AGB stars with different mass-loss rates, we
scaled the ISRF by factors of 0.5 and 2. The results are presented
in the left panel of Fig. 2.
For a stronger ISRF and stars with lower mass-loss rates, the
deviation of the CO isotopologue abundance ratio from atmo-
spheric value starts at smaller radii due to the deeper penetra-
tion of the UV photons. The largest impact of the variation of
the ISRF on the CO isotopologue ratio is seen for models with
M˙ = 10−6 and 10−7 M yr−1. For stars with higher mass-loss
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Fig. 1. Left: 12CO (solid lines) and 13CO (dashed lines) abundance profiles for C-type CSE models with different mass-loss rates (in units of
M yr−1). Right: 12CO/13CO abundance ratios corresponding to the abundances profiles in the left panel.
rates, almost all the relevant photons are absorbed in the outer
part of the CSE, and for the ones with lower mass-loss rates, the
shielding efficiency is anyhow low due to the low gas density.
We note that in a clumpy CSE, the ISRF can penetrate deeper
into the CSE depending on the degree of the clumpiness. On
the other hand, clumpiness will increase the local density (over
that of a smooth CSE formed by the same mass-loss rate) and
hence increase the shielding efficiency. To calculate the impact
of clumpiness on the CO isotopologue distribution require in-
troduction of several parameters such as, the size of clumps and
their location and distribution which are hard to observationally
constrain. Such a study is beyond the scope of this paper.
3.1.2. The impact of the gas kinetic temperature on the CO
isotopologue ratio
The gas kinetic temperature in an AGB CSE can be reasonably
approximated by a power-law (Eq. 2) with 0.4 < β < 1 (e.g.,
De Beck et al. 2012; Danilovich et al. 2014; Khouri et al. 2014;
Maercker et al. 2016; Ramos-Medina et al. 2018). The tempera-
ture affects the fractionation reaction rate and the photodissocia-
tion rate (e.g., increasing temperature leads to a lower CO shield-
ing efficiency which is explained in detail in Saberi et al. (2019)).
To investigate to what extent a change in the gas temperature af-
fects the CO isotopologue ratio, we considered values of β= 0.4,
0.7, and 1 in Eq. 2, and assumed the temperature and radius at the
inner envelope to be T0 = 2000 K and r0 = 1014 cm. The results
are shown in the right panel of Fig. 2. In particular for β = 0.4
which results in a warmer CSE, the CO isotopologue ratio in the
outer layers can be strongly affected. This is because the forward
and backward fractionation reaction rates are equal at high tem-
peratures and consequently the fractionation reaction does not
change the isotopologue ratio. Only the isotopologue-selective
photodissociation will have a significant influence. Since 12CO
is more efficiently shielded than 13CO, we find an increase in
the 12CO/13CO. This effect is especially clear for high mass-loss
rates, where the shielding efficiencies are higher.
Table 3. Model assumptions for reference models with different mass-loss rates
used in the radiative transfer modeling.
R? L? T? Vexp Tdust1 Rin
(cm) (L) (K) (km s−1) (K) (cm)
3.5 × 1013 9000 2500 15 Tin(Rin/r)0.4 1 × 1014
Notes. 1. Tin is the dust condensation temperature and is assumed to be
1200 and 1500 K for C-type and O-type CSEs, respectively.
3.2. HCN isotopologues
The photodissociation of HCN does not occur in lines. Instead
photons in a broad UV range can lead to dissociation of the
HCN molecule, and the photodissociation cross section is there-
for continuous in wavelength (e.g., van Dishoeck & Visser 2011;
Saberi et al. 2017). Therefore, the H12CN/H13CN ratio is not ex-
pected to be affected by selective photodissociation.
Figure 3 presents the H12CN and H13CN abundance distri-
butions, and their isotopologue ratio, for C-type CSEs. As ex-
pected, variations of the HCN isotopologue ratio are negligi-
ble for all models. The results for O-type CSEs are presented
in Fig. B.3.
4. Radiative transfer modeling
4.1. Modeling the molecular line emission
For the radiative transfer (RT) analysis, we used a non-local ther-
modynamic equilibrium (non-LTE) radiative transfer code based
on the Monte Carlo method (mcp; e.g., Bernes 1979; Schöier &
Olofsson 2001). In the case of HCN, we used a RT code based
on the accelerated lambda iteration formalism for models with
mass-loss rates > 10−6 M yr−1 to handle the high optical depths
in the H12CN lines in the C-type CSEs (e.g., Maercker et al.
2008).
The CO excitation analysis includes 82 rotational energy lev-
els, up to J = 40 within in the ground (ν = 0) and first vibra-
tionally excited (ν = 1) states. Radiative transitions within and
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Fig. 2. 12CO/13CO abundance ratios through C-type CSE models with different mass-loss rates under variations of the ISRF intensity (left) and
the kinetic temperature profile (right).
Fig. 3. Left: H12CN (solid lines) and H13CN (dashed lines) abundance profiles for C-type CSE models with different mass-loss rates (in units of
M yr−1). Right: H12CN/H13CN abundance ratios corresponding to the abundances profiles in the left panel.
between the vibrational states are taken into account. The colli-
sional rate coefficients between CO and para- and ortho-H2 are
taken from Yang et al. (2010). An ortho-to-para-H2 ratio of 3 was
adopted for weighting the ortho-to-para-H2 coefficients together.
The rates cover 25 temperatures between 2 to 3000 K. The same
range of transitions and rates is used for both CO isotopologues.
For the HCN excitation analysis, we included 126 rotational
energy levels, up to J = 29 within the vibrational ground state
and first excited states for each of the three vibrational modes
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ν1, ν2, and ν3. Hyperfine splitting is included for the J = 1 state
in the ground vibrational state and for the lowest rotational state
in each excited vibrational state. The collisional rate coefficients
between HCN and H2 are scaled by a factor of 1.363 from the
collisional rates between HCN and He calculated by Dumouchel
et al. (2010). We used results for temperatures between 5 and
500 K. The same range of transitions and rates is used for both
HCN isotopologues.
Similar to our chemical models, we assume a CSE expand-
ing with constant velocity, which is formed by a constant and
isotropic mass-loss. The gas kinetic temperature is the same as
in our chemical models, Eq. 2. The stellar and CSE parameters
of the reference models are presented in Table 3. The CO and
HCN isotopologue abundance distributions are taken from our
chemical models as presented in the left panels of Figs. 1 and 3.
We adopted amorphous carbon dust (Suh 2000) and amor-
phous silicate dust (Justtanont & Tielens 1992) for the C-type
and O-type CSEs, respectively. The dust condensation temper-
ature is assumed to be 1200 and 1500 K for carbon and silicate
dust, respectively (De Beck et al. 2010), and the dust tempera-
ture radial profile is given in Table 3. We assumed that the dust
optical depth is 0.013 for the model with M˙ = 10−7M yr−1 at
10 µm (τ10), corresponding to the U Hya model of Danilovich
et al. (2015), and then scaled it linearly with the mass-loss rate.
The reference stars are assumed to be at distances of 200,
300, 500, 840, and 3100 pc for stars with mass-loss rates
10−8, 10−7,..., and 10−4 M yr−1, respectively, in order to cover
the entire emitting region with the beam of a 12 m telescope, e.g.
the APEX telescope. The half-power beam width used to extract
the spectra is given by
θ = 7.8
800
ν[GHz]
[′′], (4)
where ν is the line frequency.
4.2. CO isotopologues
We derived the integrated line intensity ratio I12CO/I13CO for six
rotational transitions J = 1–0, 2–1, 3–2, 4–3, 6–5, and 10–9 in
the ground-state in order to reasonably cover emission from the
entire CO envelope (I =
∫
Tmbdυ, where Tmb is the main beam
brightness temperature). Again, since the general trends for all
models are very similar for C- and O-type CSEs, we present the
results of C-type CSEs here, and those of the O-type CSEs in
Sect. B.2.
The results for the C-type CSEs are shown in the left panel of
Fig. 4. There are large variations in the line intensity ratios of dif-
ferent rotational transitions for stars with intermediate mass-loss
rates (about M˙ ≈ 10−7 to ≈ 10−6 M yr−1), while for stars with
lower and higher mass-loss rates the ratios vary little with transi-
tion. This is expected from the ratios of the abundance distribu-
tions shown in Fig. 1, and in particular from the excitation prop-
erties of the CO molecule. The CO isotopologues go from be-
ing predominantly radiatively excited at lower densities to being
collisionally excited at higher densities. This transition occurs
for intermediate mass-loss rates (∼ 10−7 − 10−6Myr−1), which
are slightly different for the two isotopologues, see App.C and
Khouri et al. (2014). In particular, the lower-J lines are strongly
affected, and the line intensity ratios can differ significantly from
the isotopologue abundance ratio. The difference in excitation
behaviour of the CO isotopologue rotational transitions in this
range of mass-loss rate are illustrated in App. C. Although the
line intensity ratios for stars with high mass-loss rates vary lit-
tle with transition, the ratio is shifted to a lower value than the
isotopologue abundance ratio. This is because of saturation in
the 12CO lines, due to high optical depths, that leads to a lower
12CO/13CO line intensity ratio.
In order to evaluate the sensitivity of the CO isotopologue
model line intensity ratios to the main input parameters, we var-
ied several of them over reasonable ranges. First, we investi-
gate how much our derived abundance distributions from the de-
tailed chemical model affect the line intensity ratios. We ran a
new set of RT models by adopting the 12CO abundance distri-
butions from the chemical analysis and then scale it down by
factors of 34 and 13 to derive the 13CO abundance distributions
for C-type and O-type CSEs, respectively. The results for C-
type CSEs are presented in the right panel of Fig. 4, and vari-
ations relative to the reference models in percentage are listed
under the "No chemistry" label in Table 4. The results show that
involving chemistry in deriving the molecular abundances can
indeed significantly affect the derived line intensity ratios for
stars with low mass-loss rates (≤ 10−6Myr−1). Not including
the chemical abundance distributions leads to an overestimate of
the 12CO/13CO ratio even when performing a RT analysis. The
effect is less for the higher-J transitions.
We also examined the effects of variations of T?, L?, and Rin
by ± 20 % on the RT results. The results are listed in Table 4 for
C-type CSEs. Generally, the models with 10−7 ≤ M˙ ≤ 10−6M
yr−1 are the ones most sensitive to variations in input parame-
ters. Varying the stellar parameters T? and L? changes the line
intensity ratios by less than 17 % for all models, and much less
than this for the majority of the models. Variation of the inner ra-
dius Rin affects mainly the low-J transitions of the 10−6M yr−1
model. This is due to the sensitivity of the excitation of the CO
isotopologues to the gas density and the intensity of the dust ra-
diation field at this mass-loss rate as discussed above.
4.3. HCN isotopologues
In the case of HCN, we calculated the integrated line intensity for
four rotational transitions J = 2–1, 3–2, 4–3, and 8–7 to reason-
ably trace the entire HCN envelope. The IH12CN/IH13CN ratios ex-
tracted from the RT models are shown in Fig. 5 for C-type CSEs.
Variations between the line intensity ratios of different HCN ro-
tational transitions are significantly smaller than those obtained
for CO (especially for the intermediate-mass-loss-rate sources).
The line intensity ratios of the high-mass-loss-rate models are
shifted to even lower values than in the case of CO due to the
higher optical depths in the HCN lines.
5. Summary
We examined variations of the 12CO/13CO and H12CN/H13CN
abundance ratios in AGB CSEs of C-type and O-type over a wide
range of model parameters. The abundance distributions derived
from our chemical model are used in RT models to provide an
excitation analysis. Here, we highlight the main results and their
implications.
5.1. CO
Our detailed chemical analysis demonstrates that the circum-
stellar 12CO/13CO abundance ratio can vary significantly from
the adopted atmospheric value through the CSEs of both C-type
and O-type AGB CSEs. Competition between the isotopologue-
selective UV photodissociation process and the chemical frac-
tionation reaction determines the magnitude and starting radius
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Fig. 4. Line intensity ratios I12CO/I13CO from RT reference models with different mass-loss rates and with (left) and without (right) considering
chemical effects in determining the abundances profiles ((points exceeding values higher than 100 are not plotted)). The solid blue lines show the
adopted initial isotopologue abundance ratio of 34 for C-type CSEs.
Fig. 5. line intensity ratio IH12CN/IH13CN from RT modeling for the ref-
erence models with different mass-loss rates. The solid blue line shows
the initial adopted abundance ratio of 34 for C-type CSEs.
of the variations. The efficiencies of these processes are sensi-
tive to the intensity of the UV radiation in the environment of
the CSE and the CSE properties such as the gas density and ki-
netic temperature. Therefore, our results indicate that a detailed
chemical analysis for each individual star is needed to determine
the CO isotopologue distributions and their corresponding ratio
with high accuracy.
Our excitation analysis shows that the line intensity ratio
I12CO/I13CO of several rotational transitions can deviate signifi-
cantly from the adopted initial CO isotopologue abundance ra-
tio, in particular for stars with mass-loss rates in the range 10−7 to
10−6 M yr−1. This is due to a combination of chemical and exci-
tation effects. For the higher-mass-loss rate stars, the differences
in the line intensity ratios of different transitions are negligible,
but the ratios are shifted to lower values than the isotopologue
ratio due to optical depth effects.
Our predictions can be tested observationally by using, for
example, ALMA. Such observations are underway (e.g. Ramst-
edt et al. 2020, in press), but the difficulty lies in converting ob-
served brightness distributions into abundance distributions that
can be directly compared to the results of the models.
5.2. HCN
The H12CN/H13CN isotopologue abundance ratio is quite stable
throughout the CSEs for all tested models for both C-type and
O-type CSEs. The integrated line intensity ratio H12CN/H13CN
differs little between the rotational transitions. The corrections
for optical depth effects are substantially larger for HCN than
for CO in C-type CSEs where the HCN abundance is high.
5.3. Consequences for previously estimated circumstellar
12CO/13CO ratios
Circumstellar CO isotopologue ratios have often been used to
estimate stellar C isotope ratios (e.g., Schöier & Olofsson 2000;
Milam et al. 2009; Ramstedt & Olofsson 2014). The results are
compared with those of stellar nucleosynthesis models and con-
straints on these are inferred. Therefore, it is important to empha-
size that the present study shows that some of the assumptions
made in the earlier studies are not correct. However, it remains
to estimate how severe the effect is. Based on line intensity ra-
tios of individual transitions, the former studies are likely to have
overestimated the 12CO/13CO ratio, and by inference the 12C/13C
ratio. However, the earlier studies are based on multi-transition
observations and individual models (e.g., determinations of the
kinetic temperature radial profile of the CSE) for each source
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making the effect of the incorrect assumptions, in all likelihood,
smaller. Further, the effect depends (strongly) on the mass-loss
rate, being much smaller for the lower and higher mass-loss rate
sources, and on the transition, being smaller for the higher-J
transitions. We conclude that previous studies have, if anything,
overestimated the 12CO/13CO ratio, but the magnitude of the ef-
fect is difficult to estimate.
In principle, the use of circumstellar HCN isotopologue line
emission would be a more reliable tracer of the photospheric
12C/13C ratio. However, there are two things to note. First, in the
C-type CSEs the HCN lines are much more saturated than the
CO lines and a proper radiative transfer analysis taking optical
depth effects into account is required. Second, in O-type CSEs
the HCN abundance is low, and it becomes difficult to detect the
H13CN lines in many sources.
5.4. A comment on the C17O/C18O isotopologues ratio
The circumstellar C17O/C18O isotopologue ratio has been used
to estimate the stellar 17O/18O isotope ratio (e.g., De Nutte et al.
2017). However, in this case we expect only a small difference
in behaviour between the C17O and C18O isotopologoues. The
reason is that differences in photodissociation and chemical frac-
tionation efficiencies are expected to be smaller for these species
than for 12CO and 13CO due to their more comparable masses. In
addition, their spectral lines are more optically thin due to their
lower abundances.
The isotope ratios 16O/17O and 16O/18O will necessarily in-
volve the 12C16O molecule and are thus affected by the same
problem as discussed in this paper (use of the rarer isotopologues
13C17O and 13C18O is not possible since they produce too weak
line emission in CSEs to be detected).
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Table 4. Change in the 12CO/13CO line intensity ratio, relative to the reference models, when varying different input parameters in the RT modeling for C-type
CSEs.
M˙ Variable Variation of I12CO/I13CO relative to reference models
J = 1→ 0 2→ 1 3→ 2 4→ 3 6→ 5 10→ 9
Eup=5 (K) Eup=17 Eup=33 Eup=55 Eup=116 Eup=304
T? −20% +20% −20% +20% −20% +20% −20% +20% −20% +20% −20% +20%
10−8 0 % -1 % 0 % -1 % 1 % -2 % 2 % -2 % 4 % -4 % 4 % -3 %
10−7 -7 % 7 % 7 % -7 % 17 % -12 % 20 % -13 % 13 % -8 % -5 % 5 %
10−6 8 % -4 % 4 % -2 % 2 % 0 % -1 % 0 % -3 % 2 % -3 % 2 %
10−5 0 % 0 % -1 % 0 % 0 % 0 % 0 % 0 % 0 % 0 % 0 % 0 %
10−4 2 % 0 % 0 % -2 % -1 % -2 % -1 % 0 % 0 % 0 % 0 % 0 %
L? −20% +20% −20% +20% −20% +20% −20% +20% −20% +20% −20% +20%
10−8 1 % 0 % 1 % 0 % 0 % 0 % -1 % 1 % -2 % 2 % -3 % 2 %
10−7 5 % -2 % -3 % 3 % -6 % 7 % -8 % 8 % -5 % 4 % 1 % -3 %
10−6 -3 % 3 % 0 % 2 % 1 % 0 % 1 % -1 % 1 % -1 % 1 % -2 %
10−5 -1 % -1 % -1 % -1 % 0 % 1 % 0 % 1 % 0 % 0 % 0 % 1 %
10−4 6 % 1 % 1 % 0 % 0 % 0 % 0 % 0 % 0 % 0 % 0 % 0 %
Rin −20% +20% −20% +20% −20% +20% −20% +20% −20% +20% −20% +20%
10−8 1 % 0 % 2 % -1 % 2 % -1 % 2 % -1 % 1 % -1 % -2 % 1 %
10−7 7 % -4 % 4 % -2 % -1 % 1 % -5 % 3 % -8 % 6 % -6 % 4 %
10−6 -9 % 7 % -5 % 6 % -2 % 3 % -1 % 1 % 2 % -1 % 4 % -3 %
10−5 -1 % 0 % 0 % -1 % 1 % -1 % 1 % -2 % 2 % -1 % 2 % -1 %
10−4 2 % -5 % -1 % 0 % -1 % 0 % 0 % 0 % 1 % 1 % 0 % 0 %
No chemistry
10−8 -29% -29% -28% -27% -24% -17%
10−7 -42% -42% -42% -40% -33% -18%
10−6 -41% -41% -38% -33% -20% -5%
10−5 -24% -16% -9% -4% -2% -1%
10−4 -2 % -3% -2% -2% -2% -2%
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Appendix A: Chemical network
The initial fractional abundances, relative to H2, of parent
species for C-type and O-type CSEs are listed in Table A.1. The
CO fractional abundance of 5 × 10−4 for O-type AGB CSEs is
estimated assuming that 80% of the solar carbon abundance is in
the form of CO. This value is higher than the value of ≈ 2× 10−4
which is commonly used for O-type CSEs, but is more consistent
with ALMA-ACA observations of a sample of 21 AGB CSEs
(Ramstedt et al.; submitted to A&A). Likewise, we assumed that
80% of the solar oxygen abundance goes into CO to estimate the
CO fractional abundance in C-type CSEs, 8 × 10−4. This value
is commonly used in the literature. The HCN abundances are
taken as the median values estimated by Schöier et al. (2013) in
C-type and O-type CSEs. The abundances of the other C- and
O-bearing species are taken from the thermal-equilibrium val-
ues of IRC+10216 (C-type AGB star) and IK Tau (M-type AGB
star) as given by Willacy & Cherchneff (1998) and Duari et al.
Table A.1. Initial fractional abundances, relative to H2, of parent species
for C-type and O-type CSEs.
Species C-type O-type
CO 8.0×10−4 5.0×10−4
HCN 3.0×10−5 1.0×10−7
CS 1.3×10−5 1.3×10−10
C2H 5.5×10−5 5.5×10−18
C2H2 1.5×10−4 8.5×10−17
SiO 1.9×10−8 4.3×10−5
SiS 1.3×10−6 1.3×10−6
CH4 3.5×10−6 1.0×10−14
SiC2 4.7×10−7 1.0×10−14
H2O 1.0×10−7 1.0×10−4
SiH4 2.2×10−7 2.2×10−7
NH3 2.0×10−6 2.0×10−6
HCl 1.0×10−7 1.0×10−7
HCP 2.5×10−8 2.5×10−8
HF 8.0×10−9 8.0×10−9
H2S 4.0×10−9 4.0×10−9
N2 2.0×10−4 2.0×10−4
Mg 1.0×10−9 1.0×10−9
He 1.0×10−1 1.0×10−1
Fe 1.0×10−9 1.0×10−9
Na 1.0×10−9 1.0×10−9
13CO 2.3×10−5 3.8×10−5
H13CN 8.8×10−7 7.7×10−9
C18O 1.6×10−6 1.0×10−6
(1999), respectively. The remaining abundances are taken from
McElroy et al. (2013).
Appendix B: O-type CSEs
Appendix B.1: Chemical analysis
Here, we presented all the chemical models for the O-type AGB
CSEs. The trends are similar to those found for C-type CSEs.
Figure B.1 presents the CO isotopologue abundance distribu-
tions and the corresponding ratio for stars with mass-loss rates
in the range 10−8 < M˙ < 10−4M yr−1. Table B.1 lists the radii
at which two CO isotopologues drop to their initial half-values
and the radii where the 12CO/13CO reaches to the maximum de-
viation from the initial value of 13 for O-type CSEs. Figure B.2
presents the sensitivity of the CO isotopologue abundance ratios
to variations of the interstellar radiation field and the gas kinetic
temperature for the reference models.
Figure B.3 shows the HCN isotopologue abundance distribu-
tions and the corresponding ratio for stars with mass-loss rates
in the range 10−8 < M˙ < 10−4M yr−1. As can be seen, the vari-
ations of HCN isotopologue ratios are very small in the inner
CSEs and become significant only at the outer radii where the
H13CN abundance drops to very low values and its emission is
anyhow undetectable with current observational facilities.
Appendix B.2: Radiative transfer analysis
The line intensity ratio I12CO/I13CO for six rotational transitions
J = 1–0, 2–1, 3–2, 4–3, 6–5, and 10–9 from RT modeling for
references models with different mass-loss rates are presented in
the left panel of Fig. B.4. Similar to the case for C-type CSEs,
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Fig. B.1. Left: 12CO (solid lines) and 13CO (dashed lines) abundance profiles for O-type reference models with different mass-loss rates. Right:
12CO/13CO abundances ratios corresponding to the abundances profiles in the left panel.
Fig. B.2. 12CO/13CO abundance ratios through O-type CSEs with different mass-loss rates under variations of the ISRF intensity (left) and the
temperature profile (right).
there are variations in the line intensity ratios between differ-
ent rotational transitions for stars with intermediate mass-loss
rates (10−7 to 10−6 M yr−1), while the line intensity ratios for
stars with lower and higher mass-loss rates vary little between
the transitions. Likewise, the line intensity ratios are shifted to
lower values for higher mass-loss rates.
We examined the sensitivity of the line intensity ratios to the
abundances distributions from chemical modeling in the same
way as for the C-type CSEs. Thus, we scaled the 12CO abun-
dance distribution by a factor of 13 to derive the 13CO abundance
distribution as input in the RT modeling. The results are pre-
sented in the right panel of Fig. B.4 and variations relative to ref-
erence models in percentage are listed under the "No chemistry"
label in Table B.2. As for the C-type CSEs, involving chemistry
in deriving the molecular abundances mostly affect the line in-
tensity ratio of stars with intermediate mass-loss rates (10−7 to
10−6 M yr−1).
Table B.2 lists variations of the CO isotopologue line inten-
sity ratios to variations of T?, L?, and Rin by ±20% relative to
the results for the reference models. Similar trends as for C-type
CSEs are seen.
The line intensity ratio IH12CN/IH13CN for all references mod-
els are presented in Fig. B.5. The line intensity ratios of different
rotational transitions vary little for all models and are shifted to
sligthly lower values for higher mass-loss rate stars due to opti-
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Fig. B.3. H12CN (solid lines) and H13CN (dashed lines) abundance profiles for O-type CSE models with different mass-loss rates (in units of
M yr−1) Right: H12CN/H13CN ratio distributions for the abundance profiles in the left panel.
Fig. B.4. Line intensity ratio I12CO/I13CO from RT modeling for reference models with different mass-loss rates with (left) and without (right)
considering chemical effects in determining the abundances profiles ((points exceeding values higher than 40 are not plotted). The solid blue lines
show the initial adopted abundance ratio of 13 for O-type CSEs.
cal depth effects. The effect is much smaller here than in the case
of the C-type CSEs.
Appendix C: Excitation of CO
To illustrate differences in excitation between different CO iso-
topologue rotational transitions, tangential optical depths (op-
tical depth at the systemic velocity along a line of sight inter-
secting the CSE at various separations from the star) of 12CO
and 13CO lines for C-type CSEs with mass-loss rates of 10−7
and 10−6M yr−1 are shown in Fig. C.1. As can be seen, the
region where the excitation reaches into maximum are not the
same for two isotopologues. The relative importance of radiative
and collisional excitation depends on the density (and hence the
mass-loss rate). The density at which the excitation goes from
being predominantly radiative at lower densities to being pre-
dominantly collisional at higher densities is different for the two
isotopologues because of their different abundances. This transi-
tion density is higher for the lower-abundance species 13CO.
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Fig. B.5. Line intensity ratio IH12CN/IH13CN from RT modeling for reference models with different mass-loss rates. The solid blue line shows the
initial adopted abundance ratio of 13 for O-type CSEs.
Fig. C.1. Tangential line optical depths of 12CO (solid lines) and scaled 13CO (by a factor of 50, dashed lines) for C-type CSEs with mass-loss
rates 10−7 (left panel) and 10−6 (right panel) M yr−1.
Table B.1. Results of the chemical model for CO for O-type CSEs.
M˙ r1/2(12CO)a r1/2(13CO)a rbdevmax dev
c
max
(M yr−1) (cm) (cm) (cm)
10−8 6.9 × 1015 5.6 × 1015 5.0 × 1016 36%
10−7 1.5 × 1016 1.0 × 1016 1.8 × 1016 60%
10−6 4.8 × 1016 3.3 × 1016 5.0 × 1016 59%
10−5 1.7 × 1017 1.6 × 1017 1.1 × 1017 17%
10−4 7.3 × 1017 7.5 × 1017 3.5 × 1017 6%
Notes. (a) Radius at which the CO isotopologue abundances have
reached half of their initial values; (b) The radius at which the
12CO/13CO abundance ratio has its maximum deviation from its initial
value; (c) The maximum deviation of the 12CO/13CO abundance ratio
from its initial value.
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Table B.2. Change in the 12CO/13CO line intensity ratio compared to the reference models when varying different input parameters of the RT models for O-type
CSEs.
M˙ Variable Variation of I12CO/I13CO relative to reference models
J = 1→ 0 2→ 1 3→ 2 4→ 3 6→ 5 10→ 9
Eup=5 (K) Eup=17 Eup=33 Eup=55 Eup=116 Eup=304
T? −20% +20% −20% +20% −20% +20% −20% +20% −20% +20% −20% +20%
10−8 0 % 1 % 0 % 0 % 1 % 0 % 2 % -1 % 3 % -2 % 2 % -3 %
10−7 -5 % 5 % 1 % -3 % 10 % -10 % 16 % -13 % 17 % -11 % 0 % 2 %
10−6 16 % -11 % 7 % -4 % 1 % 0 % -4 % 4 % -7 % 6 % -7 % 5 %
10−5 0 % -1 % 2 % 1 % 0 % 1 % 0 % 0 % -1 % 0 % 0 % 0 %
10−4 2 % 1 % 0 % -1 % 0 % -2 % 1 % 0 % 1 % 1 % 0 % 0 %
L? −20% +20% −20% +20% −20% +20% −20% +20% −20% +20% −20% +20%
10−8 0 % 0 % 0 % 0 % 0 % 0 % -1 % 1 % -1 % 1 % -2 % 1 %
10−7 3 % -2 % -1 % 0 % -5 % 4 % -7 % 6 % -7 % 6 % 0 % 0 %
10−6 -7 % 5 % -2 % 2 % 1 % 0 % 2 % -1 % 3 % -2 % 3 % -2 %
10−5 0 % -1 % 2 % 1 % 0 % 0 % -1 % 0 % -1 % 0 % -1 % 0 %
10−4 -11 % 3 % -6 % 3 % -2 % -1 % 1 % 1 % 1 % 0 % 0 % 0 %
Rin −20% +20% −20% +20% −20% +20% −20% +20% −20% +20% −20% +20%
10−8 1 % 0 % 1 % 0 % 1 % 0 % 1 % 0 % 1 % 0 % -1 % 0 %
10−7 4 % -2 % 4 % -3 % 2 % -2 % -2 % 1 % -7 % 5 % -8 % 6 %
10−6 -11 % 6 % -6 % 5 % -2 % 3 % 1 % 1 % 4 % -2 % 6 % -4 %
10−5 1 % 0 % 4 % -2 % 4 % -4 % 4 % -4 % 3 % -3 % 2 % -2 %
10−4 -1 % 5 % 5 % -1 % 1 % -1 % 1 % 0 % 1 % 0 % 0 % 0 %
No chemistry
10−8 −19% −19% −18% −18% −15% −11%
10−7 −32% −32% −31% −29% −23% −11%
10−6 −32% −30% −26% −19% −8% −1%
10−5 −12% −8% −5% −2% −1% −1%
10−4 −3% −2% −2% −1% −1% −1%
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